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Abstract

p53 gain-of-function mutations are similar to driver mutations in cancer genes, with both
promoting tumorigenesis. Most previous studies focused on residues lost by mutations, providing
information related to a dominantly-negative effect. However, to understand gain-of-function
mutations, it is also important to investigate what are the distributions of residues gained by
mutations. We compile available p53/p63/p73 protein sequences and construct a non-redundant
dataset. We analyze the amino acid and dipeptide composition of p53/p63/p73 proteins across
evolution and compare them with the gain/loss of amino acids and dipeptides in human p53
following cancer-related somatic mutations. We find that the ratios of amino acids gained via
somatic mutations during evolution to those lost through p53 cancer mutations correlate with the
ratios found in single nucleotide polymorphisms in the human proteome. The dipeptide mutational
gain/loss ratios are inversely correlated with those observed over p53 evolution but tend to follow
the increasing p63/p73-like dipeptide propensities. We successfully simulated the p53 cancer
mutation spectrum using the dipeptide composition across the p53 family accounting for the
likelihood of mutations in p53 codons. The results revealed that the p53 mutation spectrum is
dominated not only by p53 evolution but also by reversal of evolution to a certain degree. This
article is part of a Special Issue entitled: Computational Proteomics, Systems Biology & Clinical
Implications. Guest Editor: Yudong Cai.
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Introduction

The sequencing of all genes related to cancer (the ‘cancer genome”) [1,2] has reinforced the
concept that oncogenesis relates to evolution [3]. Among the mutations that accumulate in
cancer genes, ‘driver’ mutations are positively selected during cancer development, unlike
the accompanying ‘passenger’ mutations [1-3]. The landscape of driver mutations provides
the mutational basis for p53 pathway deregulation in melanoma [4]. TP53 has the highest
cancer mutation prevalence [1], accumulating thousands of somatic and inherited mutations.
The p53 protein plays a central role in the cell by integrating pathways related to apoptosis,
cell cycle arrest, and DNA repair, in response to various types of stress [5,6]. Apart from its
critical role as a tumor suppressor, it regulates hundreds of genes and is a guardian of
genome stability [5,7]. The multiple functions of p53 also correlate between cancer and
neurodegeneration [8]. Two other p53 family proteins, p63 and p73, are structurally and
functionally highly similar to p53, particularly in transactivation of similar genes and in
maintaining similar interaction network [9-11]. Still, the p53/p63/p73 differs after a billion
years of evolution [10,12], with p63/p73 acquiring new functions related to organism
development while p53 evolved to be a tumor suppressor and the guardian of the somatic
genome [12-14].

p53 gain-of-function mutations are similar to driver mutations in cancer genes because p53
gain-of-function mutants are also positively selected and tumorigenic [15,16]. p53 mutations
have been implicated in more than 50% of all human cancers. Several p53 hot spot
mutations appear with very high frequencies. While many can be explained by their
destabilization of p53, often affecting p53-DNA interactions [17,18], others are still not
entirely understood. For example, it is unclear why p53 has many cancer-related mutations,
while mutations in p63/p73 are rare and the roles of p63/p73 in cancer are also less clear
[19]. For p63/p73, altered expression rather than mutation could be more important in cancer
[20,21].

A correlation between conservation and positive selection of p53 mutational hot spots has
been implied [16,22]. Further, recently, using the cancer-specific high-throughput annotation
of somatic mutations several of these hot spots were predicted to be driver mutations [23].
These studies indicated that destroying highly conserved functional sites is insufficient for
inactivation and tumorigenesis, but the origin of the mutant gain-of-(tumorigenic)-function
is still unclear. Most previous studies focused on residues lost in mutations, providing
information related to a dominant-negative effect. To understand gain-of-function mutations,
it is also important to investigate what are the distributions of residues gained from
mutations.

In this study, we use dipeptide patterns in p53/p63/p73 proteins across evolution to
investigate human cancer mutations, focusing on both loss and gain of dipeptides from
somatic mutations. By comparing p53 mutations with single nucleotide polymorphisms
(SNPs) in the human proteome, we show that while p53 somatic mutations tend to follow
the human proteome trend, the amino acids whose frequencies are increased (or decreased)
in p53 across evolution tend to differ from these trends. For all p53 somatic mutations, the
most gained dipeptide pairs are those eliminated from p53 during evolution.
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2. Methods

2.1. Gain/loss of amino acids and dipeptides in the p53 somatic mutation dataset

TP53 somatic mutations were downloaded from the IARC p53 mutation database Release
R13, which contains 24,785 somatic mutations in sporadic cancers reported up to the end of
2007 [24] (http://www-p53.iarc.fr/). 18,266 non-synonymous mutations resulted from a
single nucleotide change. These mutations are grouped according to the codon position and
the amino acid substitutions and the corresponding frequencies are calculated. The
frequencies of gain-and-loss mutation-containing dipeptides are obtained by replacing wild
type dipeptide pairs by those with the corresponding mutations. We list the frequencies in
Sup-Table 1. The changes are normalized by gain/loss ratios R = (Gain — Loss) / (Gain +
Loss). We also compared the results using the current release R16, which contains 29,575
mutations. All observations reported in this paper have been confirmed.

2.2. p53/p63/p73 sequences used in the analysis

Recently, several studies investigated the homology and evolution of the p53/p63/p73 family
by searching known p53/p63/p73 family sequences [25,26]. Nedelcu and Tan found that a
p53/p63/p73 type sequence is present in the unicellular choanoflagellate, Monosiga
brevicollis [25], which is also the species with the least homology with human p53 and
diverged early from p63/p73 (Sup-Table 1). Even though the classification of Caenorhabditis
elegans Cep-1 as a putative p53 homologue is sometimes questioned [26], the functions [27]
and structures [28,29] of Cep-1 indeed show similarities to p53. Increasing evidence reveals
additional similarities between Cep-1 and p53, for example, CBP-1, the worm ortholog of
human p300/CBP, functions as a cofactor of CEP-1 [30].

We merged the datasets of Nedelcu and Tan [25] and Fernandes and Atchley [26]. We also
searched the NCBI Entrez protein database (www.nchi.nlm.nih.gov), adding more than
twenty entries of p63/p73 related sequences. Our final compilation contains 46 p53 and 36
p63/p73 unique sequences. We follow Nedelcu and Tan’s suggestion to distinguish p53- and
p63/p73 sequences based on the presence of a SAM domain in p63/p73. After removing
highly similar sequences, the final non-redundant dataset has 36 p53 sequences with
homology less than 90%. For p63/p73, we retained 22 sequences with homology less than
95% in the non-redundant dataset. The sequence dataset is listed in Supporting Table 2.

2.3. Dipeptide pair correlation and propensities

For each sequence in the non-redundant dataset (Sup-Table 1) of p53 and p63/p73 families,
we count the number of dipeptides XY. We calculate the propensity of the dipeptides by
normalizing the frequencies by the counts of individual amino acids:

Pyiyj = 100 % Ny;v;/(Nx +Ny) (1)

where Pxiyj is the propensity of the dipeptide. Nxiy;j is the total number dipeptides. The Nx
and Ny are the total number of amino acids of type X and Y. A dipeptide has a high
propensity if it is frequent in each sequence and across sequences. The above Pxy; is similar
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to that used by Vonderviszt et al. [31], who used Nxiy;j/ (Nxy * Px * Py) to measure the
dipeptide propensity (Nxy is the total number of all dipeptides, Px and Py are the relative
abundances of amino acid types X and Y). Pxiy;j in Eq. (1) changes more smoothly with the
variation of Ny and Ny in the calculation of the dipeptide propensities across evolution.

We calculate the degenerate dipeptide pair correlation propensity DPxivj by adding Pxiy;j
and Pyix; for non-diagonal elements in the correlation matrix.

(PXin + PYin)X 7Y

DP
(PXin) X=Y

@

XiYj =

Thus we do not distinguish between XY and Y X and label such amino acid combinations
XY, and the propensity X/Y is obtained from the combined XY and Y X counts. Since we
have 210 DPx;y; dipeptide pairs, the top 20 ranked pairs represent the top 10% of the pair
correlation.

2.4. Evolution in the p53/p63/p73 family

We use ClustalX 2.0 [32] to align the sequences. We use sequence identities with human p53
as the measure of evolutionary distances from human p53. For the p63/p73 family, we use
the averaged sequence identities with human p63 and p73. These sequence identities with
human p53 are listed in Sup-Table 2.

The gain and loss of amino acids and dipeptide pairs in p53 during evolution are obtained by
comparing the amino acid composition and dipeptide pair propensities in human p53 with
the average values from species with less than 28% identity to human p53 (Sup-Table 2).
The gain and loss of amino acids and dipeptide pairs in p63 and p73 are derived from
comparisons of human p63 and p73 with the average values of (p63/p73-brafll, p63/p73-
XP-001184464, p63-DAA06085, p63-XP-001518439, P63-EEC11931). All the changes are
normalized with gain/loss ratios R = (Gain — Loss) / (Gain + Loss).

2.5. Random mutation control

Random mutations were generated by randomly selecting a missense mutation from 9
possible single nucleotide mutations at each codon. A total of 18,266 random mutations
were used to compare with the 18,266 cancer mutations. In the correction analysis, the
random mutations were subtracted from the observed mutation counts at each codon. For a
given mutation, if the number of random mutations was more than observed, the observed
mutation count was set to zero.

3. Results

3.1. p53and p63/p73 have different dipeptide propensities

In Table 1, we compare the top dipeptide correlations in p53 with the p63/p73 entries. As
expected, the p53/p63/p73 family shares dipeptide pair similarities: among the top 20 ranked
dipeptide pairs for p53, 9 are among the top 20 for p63/p73 (bold and italic, Table 1).
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Examination of the underlying dipeptide motifs corresponding to the common pairs reveals
that they have high frequencies in the DNA binding region, oligomerization domain, and
phosphorylation motifs. However, both student 7-test and Wilcoxon signed-rank test
indicated that there are significant differences between the top ranked amino acid pairs for
p53 and p63/p73 (Table 1), while the overall amino acid pair propensities for p53 and
p63/p73 are statistically similar ( 7-test, p = 0.413 for all 210 amino acid pairs) and
correlated (Spearman rank-order correlation, rs = 0.68, p < 0.000001).

The differences in the dipeptide propensities for p53 and p63/p73 come from their amino
acid composition, but could also relate to their functions. Dipeptide composition has been
shown to be related to the nuclear receptors’ function [33] and to the subcellular locations of
apoptosis-related proteins [34,35]. Evolution appears to have followed different pathways in
the change of amino acid composition: for example, while the p53 subfamily has
systematically reduced the GlIn content, p63/p73 steadily increased it (Fig. 1A). As a result,
the GIn content in p63/p73 is significantly higher than in p53 (Sup-Table 3). p53 and
p63/p73 have relatively similar composition at the amino acid level, but different dipeptide
preferences, as observed for Asp and Ser (D/S), and Pro and Ser (P/S). D/S dipeptides have
the highest propensity in p53 sequences, while p63/p73 prefers Pro and Ser (P/S) dipeptides
(Table 1). At the amino acid level, the content of Pro, Ser, and Asp is similar between p53
and p63/p73 (Sup-Table 2). During evolution, both p53 and p63/p73 have increased the Pro
content, with p53 at a rate surpassing that of p63/p73 (Fig. 1B); however, they have different
evolution trajectories for the D/S and P/S dipeptides. p53 gradually increased the D/S
dipeptide propensity, which is fairly constant during the p63/p73 evolution (Fig. 1C). While
the dipeptide propensity of P/S fluctuated during p53 evolution, it steadily increased for
p63/p73 (Fig. 1D). We further found that D/S and P/S dipeptides have different likelihoods
to be associated with cancer mutations near phosphorylation motifs in p53 (data not shown).

3.2. Gain and loss of dipeptide pairs in p53 somatic cancer mutations

When a missense mutation occurs at a position i, two dipeptide pairs (i — 1, i; i, i + 1)
change. The frequencies of all dipeptide pairs gained and lost upon mutations are in the
Supporting material, Excel file Sup-Table 1. As expected, dipeptides related to six hot spot
mutations (R175, G245, R248, R249, R273, and R282) contribute the most to the high
counts for dipeptide lost (Table 2). The V/R pair is the most mutated dipeptide partly due to
the high frequencies of the R273 mutation; the other six highly mutated pairs (R/R, R/N,
R/C, D/IR, M/G, and G/G) derive from hot spot mutations in R174RCP177,
M243GGMNRR249, and RoggDRR2g3. Even without the hot spots, the V/R pair still is the
highest mutated dipeptide pair. On average, the dipeptide pairs lost most frequently have
higher dipeptide propensity in p53 than in p63/p73 (Table 2). In Fig. 2A, we can see that
VIR has increased during p53 evolution, but decreased in p63/p73, suggesting that V/R
mutations may reverse the above evolution trend.

It is important to note in Table 3 that the most gained dipeptide pairs are those not present in
wild type p53 sequences. Among the top ten amino-acid pairs in the mutation database
seven are not observed in the human p53 sequence. Only a few amino-acid pairs which are
generated by mutations have relatively high propensity in the p53 family (PS, SG, LP and
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PC). The average dipeptide propensity in the top 20 gained pairs is only 3.92, significantly

lower than the average propensity for the dipeptide lost (6.16, Table 2, p = 0.0066). A clear
trend is observed: the less preferred the dipeptide is in the p53 family, the higher the chance
that it will be gained in a cancer-related mutation (Sup-Figure 1A, Sup-Table 1).

It can be seen from Table 3 that the propensities for the top 20 most gained dipeptides from
p53 mutations are higher for p63/p73 than for p53. The statistical differences for these 20
dipeptides are not significant (p = 0.22). However, when we examine all 210 dipeptide pairs,
we find that there is a correlation between the dipeptide propensity in p63/p73 and the
likelihood that the dipeptide will be gained by p53 mutations. The correlation is obtained by
calculating the normalized gain/loss ratio for each dipeptide pair observed in p53 cancer
mutations, and then comparing the ratio with the dipeptide propensity difference in p63/p73
and in p53 (A(p63 / p73 — p53)). The two measures are correlated (Spearman rank-order
correlation, p = 0.055 for all dipeptides with positive A(p63 / p73 — p53)). This observation
can also be seen in Fig. 3A, where the green lines represent the differences between
dipeptide propensities in p63/p73 and in p53, and the red lines are gain/loss ratios for the
corresponding dipeptides. The dipeptides are ordered by A(p63 / p73 — p53); dipeptides with
larger A(p63 / p73 — p53) are gained more frequently by p53 mutations.

3.3. p53 somatic mutations correlate with gain and loss of amino acids in human SNPs

Surprisingly, when we examined the gain/loss of amino acids during p53 mutation/evolution
against a previous study of the human protein evolution [36], we found that the single amino
acids that gained/lost during the p53 evolution tend to follow a trend opposite to that of the
human proteins (Sup-Figure 1B, p = 0.0013). Comparing Jordan’s amino acid data [36] with
the p53 frequencies provides insights into the p53 mutations/evolution. As shown in Sup-
Figure 1B, the normalized amino acid gain/loss ratio during human p53 evolution decreases
while it increases in human proteins. In comparison, p63 follows the trend (Sup-Figure 1C),
and p73 fluctuates (Sup-Figure 1D). The differences among p53, p63, and p73 are consistent
with the notion that p53 evolved from p63. It seems that p53 deviated while p63 followed
the mainstream evolution path suggesting that p53 has been under evolutionary pressure.

However, the gain/loss of amino acids in p53 by cancer-related mutations follows the trend
observed in human SNPs (Fig. 4A). Jordan et al. [36] compared proteins encoded by triplets
of closely related genomes and provided the trend of the gain/loss of amino acids in human
non-synonymous SNPs since the human—chimpanzee divergence. This can be readily
compared with the gain/loss of amino acids in the p53 mutations. As shown in Fig. 3B, the
mutations in p53 illustrate a gain/loss of amino acids essentially reflecting the substitutions
in human SNPs, with RZ = 0.4, indicating that p53-related cancer cell evolution may mimic
the human proteome evolution (p = 0.0013). The randomly generated p53 mutations do not
correlate with the substitutions in human SNPs. Following the random corrections, the
observed p53 mutations still present a similar correlation with the human SNPs.
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3.4. Reversal of p53 evolution may relate to p53 gain-of-function mutants and p63/p73
interference

Comparing the amino acid composition during evolution with amino acid gain/loss ratio in
the p53 mutation database (Fig. 4B) we observe that residues lost (or gained) in evolution
are those gained (or lost) in cancer-related mutations. These residues include A, G, F, I, N, P,
M, D, E, K, R, Q, and T. Two (S and Y) show no trend, and only five amino acids (V, C, H,
L and W) follow the same trend in evolution and gain/loss ratio.

This counter-evolution pattern is more prominent in the dipeptide gain/loss. As shown in
Fig. 3B, the dipeptides gained the most through mutations are strong losers in p53 evolution.
To exclude random mutations, we subtract random mutation counts from observed counts. If
the number of random mutations was more than observed, the observed mutation count was
set to zero. Still the Spearman rank-order correlation is very high (rs = 0.56, p1 < 0.00001).
We also noted that the dipeptide gain/loss ratios in p53 mutations are similarly correlated
with the differences of dipeptide propensities in human p63/p73 and p53 (rs = 0.35, p1 <
0.00001).

The similarities of p53 mutant dipeptides to those in homologue sequences could be
rationalized by two scenarios: one is that mutant dipeptides appeared in ancient p53 species;
another is that mutant dipeptides are also more frequent in p63/p73. Our analysis cannot
distinguish between these, and the gain/loss of p53 cancer mutations correlates with both
p53 evolution and p63/p73 sequences. Intuitively, given a wild type p53 sequence, it may not
be surprising to see that the gained dipeptides in mutants are those found in homologues.
The question is if these similarities have functional correlations.

There are indications that the reversal of p53 evolution may relate to p53 gain-of-function
mutants. The two top mutation gainers (R/Q and V/H, Fig. 2B and 2C) have been
completely eliminated during evolution. R175H and R248Q are two hot spot mutants related
to the R/Q and V/H dipeptide pairs. Both R175H and R248Q are gain-of-function mutants,
known to induce GEF-H1 gene (Guanine exchange factor-H1) [37], and R175H also
regulates the expression of other genes [38]. R273H was suggested to be a driver mutation
[23], and it also accompanies the mutational switch from the evolutionary favored V/R pair
to evolutionary eliminated V/H pair (Fig. 2). The percentages of GIn and His have increased
during the evolution of human proteins. Consequently, R248Q, R175H, and R273H may
have been ‘passenger’ mutations during the evolution of human proteins, but ‘driver’
mutations in p53. R282W was also suggested to be a driver mutation [23]. Similarly, the
R282W hot spot mutation generated the R/W and D/W dipeptides which are rare in p53, and
evolution eliminated D/W (Fig. 2D).

The R175 and R248 motifs are highly conserved in most p53/p63/p73 members; however, in
several earlier p53 species there are R/Q and R/H dipeptides at these locations (Fig. 2E). The
motif corresponding to VVRR175C in Red flour beetle (p53 GLEAN_11560, Sup-Table 2) is
LVHRC, comparable to VVRH175C with an R175H substitution in human mutants. For the
human p53 MNR24gRPI motif, the corresponding sequences in European flounder
(p53_012946) and /nsecta Anopheles gambiae (p53_Q7QAB9Y, Sup-Table 2) are
respectively MNRRQI, and LDQRRT (Fig. 2E), which are comparable to MNQy4gRPI in
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the R248Q mutant. Thus, these mutations could relate to some p53 gained functions that
have been eliminated during its evolution. Indeed, sequence alignment also revealed that the
R282W hot spot mutation left a trace in C. elegans and Caenorhabditis briggsae (Fig. 2E).
The worm Cep-1 transactivates the consensus human p53 binding sites [39] with similar p53
functions [27]. To examine a relationship between p53 mutants’ functions and the
differences of dipeptide propensities between human p63/p73 and p53, we compare three
groups of p53 mutants: dominant negative mutants (DNMs), general gain-of-function-1
(GOF-1), and a group known to interfere with p63/p73 functions (GOF-2). We follow the
classification by Waldman et al. [40] (Sup-Table 4). For each group of mutants, we calculate
the average change of dipeptide propensities of A(p63 / p73 — p53) caused by mutations. We
found that on average, the GOF-2 group has the largest increase of p63/p73 dipeptide
propensity (0.78), followed by the GOF-1 group (0.4); the DNM group has no p63/p73
dipeptide propensity gain (-0.17) as compared to p53. Thus it seems that dipeptide
propensity changes could relate to the functional outcomes.

When examining p53 and p63/p73 proteins during evolution, we used the entire protein
sequence. Since both the N-terminal and C-terminal regions have diverged more than the
core domain (Sup-Table 2), it is interesting to analyze only the DNA binding core domain.
Furthermore, the majority of the oncogenic p53 mutations fall in the core domain, hence
their impact on amino acid gain or loss and dipeptide propensity could be more relevant to
p53 functions. We also investigated the p53 evolution in the core domain (200-300). As can
be seen in Sup-Table 5, the correlations of dipeptide propensities with the core domain
evolution are close to those obtained using the entire protein sequence.

3.5. p53 mutation spectrum can be simulated using p53 evolution and reversal of

evolution

To further study the relationship between p53 evolution and its cancer-related mutations, we
simulate the spectrum of human p53 mutations considering only the evolution of p53. We
assign scores to dipeptides: higher scores are generated for low propensities, reflecting the
observation that the most gained dipeptide pairs are those with low propensity in p53
sequences (see Sup material method). In Fig. 5, we compare the Z-score of the mutation
index with the actual counts in the mutations database. Surprisingly, the simple concept
captures most of the mutation spectrum. We further tested additional factors. First, we
include the likelihood of a mutation to deviate from the human protein evolution. The
second modification considers the ratio of non-synonymous/synonymous mutations
reflecting the ‘standard” driver mutation definition. The Zscore-2 and Zscore-3 with the
additional factors are plotted in Fig. 5 to compare with the observed mutations as well. As
can be seen in Fig. 5, accounting for p63/p73 dipeptide propensities increased the coverage
of two hot spot regions, R248 and R273-R282 (Zscore 2, red line). The explicit term of
synonymous mutations (Zscore-3) improves the fitting of the R175 and R248 regions, but
decreases that of R273.

The 1-100 N-terminal region is predicted to have a low mutation probability. Most of the C-
terminal region is also predicted to have low probability; on the other hand, as Fig. 5
indicates, the 323-343 region in the tetramerization domain was overestimated. The
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overestimation could suggest that even though the tetramerization domain is highly
conserved and the mutations could disrupt the tetramerization, the mutants are less prone to
have gain-of-function effects [41]. Most core domain regions are correctly predicted to have
high mutation probability, except that the short segments near residues 161 and 221 were
underestimated. In our simulation, several factors are still not included, like tandem
mutations (with hundreds observed). Nevertheless, accounting for the p53 and p63/p73
evolution, the likelihood of synonymous mutations almost reproduces the observed p53
mutations. Thus, we propose that the large number of mutations in p53 is due to p53
divergence from the human protein evolution, while its mutation probability tends to follow
the mainstream.

Using the SIFT websever (http://sift.jcvi.org) [42], we also tested other evolutionary
measures to predict deleterious mutations. The SIFT is a sequence homology based method
to separate tolerant and intolerant mutations. Using wt p53 sequence as input, the SFIT
predicts that most core domain residues are intolerant to mutations (Sup-Figure 2), while
both N- and C- terminal regions may allow non-deleterious mutations. However, the SIFT
cannot reproduce the observed p53 mutation spectrum.

4. Discussion

Current computational tools designed to predict the functional outcome of amino acid
mutations often generate inconsistent and thus difficult to interpret results [43]. It is still
challenging to distinguish driver from passenger mutations. The extensive network related to
the functions of p53 complicates the delineation of the functions gained by the mutants,
making the understanding of p53 mutants’ gain of function a difficult task. Many p53
mutants, hot spots and non-hot spots, promote a broad spectrum of cancer phenotypes [38].
The different cancer types have very different mutation spectra, and the mutant’s role as
“driver” and “passenger” may change with the microenvironment of the cancer cell. Our
study does not provide details of p53 mutations in different cancer types. Rather, our goal is
to illuminate p53 evolution and somatic mutations.

The large number of p53 missense mutations collectively reveals mutational trends. The two
major findings from this study are that the gain/loss ratio of amino acids following mutations
resembles the average trend observed in the evolution of human proteins (Fig. 4A), and that
the dipeptide gain/loss is counter to that in p53 evolution but tends to increase p63/p73-like
dipeptide propensities (Fig. 3). These findings may help us look at p53 mutants’ gain-of-
function and at cancer evolution from novel angles.

(1) The adaptation of p53 in cancer cells to selection pressure could involve a ‘reverse
evolution’ toward to the p53 ancestral form. Such gain-of-function mutations can reverse the
evolution [44] either leading to cryptic innovation (the formation of a new structure that
mimics the old structure by gain-of-function mutations) or regaining lost functions [45] by
recapturing a conserved network [45]. Therefore, p53 gain-of-function mutants can be
related to ancestral p53 functions. We have shown that several hotspot mutants (R175H,
R248Q, and R282W) resemble other species like C. elegansand C. briggsae. The function of
p53 as a tumor suppressor is unlikely to be an ancestral function of the p53 gene [46]. A
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related p53 function in aging appears a more likely candidate for the ancestral function.
However, it remains to be revealed what kinds of functions have been lost during p53
evolution.

(2) The correlation of p53 somatic mutations with the gain and loss of amino acids in human
SNPs may indicate that cancer cell evolution in the human body is extremely rapid,
mimicking the evolution of the human proteome. Alternatively, it may suggest that these
mutations are selected because the mutants are more similar to p63. We have shown that the
amino acid gain/loss ratio during human p53 evolution decreases whereas it increases in
human proteins, and p63 follows the trend of human proteins (Sup-Figure 1B and 1C). In
Table 2, we see that the mutations significantly decrease the p53 (most lost) dipeptide
propensities, more than in p63/p73 thus decreasing the p53-p63/p73 gap (Table 3, Fig. 3).
This trend is con-firmed by comparing the p53 gain-of-function mutants known to interfere
with p63/p73 with other type of GOF and negative function groups (Sup-Table 4). The
reversal of dipeptide frequencies in p53 vs. p63/p73 can be best illustrated by three dipeptide
pairs (V/R, V/H, and R/Q) related to hotspot mutations: (a) The dipeptide pair V/R is the
most frequently lost pair (Table 2). The dipeptide propensity of V/R in p53 has greatly
increased during evolution, while the corresponding propensity in p63/p73 has been steadily
decreasing (Fig. 2A). (b) The dipeptide V/H is the most frequently gained pair (among p53
somatic mutations), which has been eliminated during the evolution of p53 (but not of p63/
p73, Fig. 2C). (c) The dipeptide R/Q is also a highly frequently gained pair (Table 3), and
the occurrence of the R/Q has been eliminated during the evolution of p53 but increased
during the p63/p73 evolution (Fig. 2B). Thus, our results support the hypothesis that the p53
gain-of-function mutants may interfere with p63/p73 transactivation either directly by
forming complexes with p63 or p73, or by changing the p63/p73 networks [12] because p53
mutants are more similar to p63/p73 than to wild type p53.

It is easy to understand the dominant-negative effect of a p53 mutation since a point
mutation can lead to p53 core domain unfolding or to disruption of p53-DNA interaction.
However, it is still unclear how a point mutation can render a new oncogenic function of
p53. Mutations can change the properties of both p53 mRNA and protein. It is known that
p53 mRNA is also actively involved in the p53 regulation network [47], and it has been
shown that p53 cancerous mutations exhibit selection for translational efficiency [40]. From
the protein structural point of view, the notion that a cancer mutant gains ancestral functions
(or p63/p73) because this substitution is found in an ancestral protein that shows otherwise
relatively little sequence conservation is unlikely. For example, C. elegans has an equivalent
R282W mutation but the structure in the vicinity of the mutation site, the L1 loop, is
significantly different, which results in a completely different packing environment and
structural constraints [28]. However, Cep-1 is still able to transactivate the consensus human
p53 binding sites [39] with similar p53 functions [27], probably because the loop is highly
flexibly fluctuating between different substates. Even though we do not know the
evolutionary pressure on p53 to increase certain dipeptides (like V/R) and decrease others
(like V/H), functional changes would accompany the sequence and structural evolution.
Beyond the static crystal structures, function is exerted by protein conformational dynamics
and conformational selection in transactivation [48-50]. Even if a point mutation induces a
minor change in the static structure, it could lead to differences in conformational dynamics
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and affect the subsequent assembly of the transcriptional machinery via allosteric effects
[51], where dynamics has been shown to play a key role [52]. A point mutation can also lead
to re-distribution of the possible binding modes of p53 with the DNA [53]. These changes
not only relate to ancestral p53 functions, but can also facilitate p53’s interference with for
example p63/p73 [54].

Mutations shift the energy landscape of proteins, redistributing the relative populations of
the conformational ensemble [55-57], including of disordered states [58], as in p53
monomers. These effects on protein conformations, i.e. their shapes and dynamics may help
in the understanding of the apparent paradox of p53 gain-of-function mutants. The most
frequent cancer-related mutations either result in lost DNA contacts that are strictly
conserved in p63/p73 or conformationally destabilize the protein to an extent where it
denatures at physiological temperature. p63 is more stable than wild type p53 [59], and
particularly more than most of the p53 mutants. However, interestingly it has been found
that p53 mutants are still able to interfere with the p63/p73 network and contribute to the
gain of function in hepatocellular carcinoma [60]. Both R175H and R273H have V/R —
V/H dipeptide change. While the R175H mutant has 98% native fold at 37 °C, the R273H is
globally denatured [61]. Nonetheless, R174H and R273H similarly interact with p63/p73,
interfering with the p63/p73 transcriptional activity [60], indicating that gained function
(like function in general) is a property of the ensemble, and should not be viewed in terms of
the static protein structure.

Evolutionary conservation has often been employed to predict deleterious mutations [42].
Our approach is based on mMRNA sequences and is limited to single nucleotide mutations in
each position. Our mutation indices are based on evolution—-mutation pattern for the p53
family only, since other proteins may not necessarily share the p53 mutational trend: the
frequently generated dipeptides by somatic mutations are more frequently lost in p53
evolution. In this sense, our mutation indices are not only a useful index of protein
mutability; they can also be used to verify the dominant factor in p53 somatic mutation
spectrum.

5. Conclusions

In conclusion, amino acid substitutions over evolutionary time and spontaneous mutations
are different processes, in particular for key hub-encoding genes. Here we show that the p53
mutational spectrum can be defined by factors such as dipeptide propensities which relate to
p53 evolution and mutational reversion of p53 evolution. The p53 gain-of-function mutants
may relate to p53 ancestral function which was lost during evolution. Interfering with
p63/p73 appears among the many mechanisms of p53 gain-of-function mutants. For
example, gain of function of mutant p53 is partly mediated by its ability to form a complex
with p63/p73 [62,63]. One possible explanation of the p53 mutant gain-of-function
mechanism could be that such mutants shift closer to p63/p73 in terms of dipeptide
propensities.

Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.bbapap.
2013.04.002.
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Fig. 1.

E\?olution of amino acid and dipeptide composition in the p53/p63/p73 families. Some of the
changes correlate with sequence identity to Homo sapiens. (A) and (B). While Gin
composition decreased (A), Pro composition increased significantly (B); (C): The change of
the D/S dipeptide propensity during evolution indicates that the D/S pair is positively
selected in p53 (but not in p63/p73); (D). While dipeptide propensity of P/S in p53 did not
correlate with p53 evolution, that in p63/p73 increased. Thus, both the most preferred
dipeptide pairs in p53 (D/S) and in p63/p73 (P/S) were positively selected during evolution,
for p53 and p63/p73 respectively.
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The evolution of dipeptide composition in the p53 is reversed by hot spot mutations. (A)
Dipeptide evolution for V/R pairs. The V/R dipeptide decreases the most in p53 mutations;
however it has the highest increase rate in p53 evolution. (B) R/Q is among the highly
gained dipeptides following p53 mutations. It has been eliminated during p53 evolution
while increasing in p63/p73. (C) The dipeptide V/H is the most gained in p53 cancer
mutations; on the other hand, it was eliminated during evolution. (D) The dipeptide pair
D/W, which relates to R282W mutation, was eliminated during p53 evolution. (E) Several
hot spot mutants gained dipeptide patterns which were eliminated during p53 evolution; for
example, R175H mutant in human compared to 7ribolium castaneum; R248Q in human
compared to Platichthys flesus and Insecta Anopheles gambiae, and R282W in human
compared to C. elegansand C. briggsae.
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The correlations of p53 dipeptide gain/loss ratios with evolution and with the gap of
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Increasing gain/loss ratio

dipeptide propensities in p63/p73 and in p53. (A). p53 dipeptide gain/loss ratios increase
with increasing gap of peptide propensities in p63/p73 and in p53. The green lines represent
the differences between dipeptide propensities in p63/p73 and in p53, and the red lines are
gain/loss ratios for the corresponding dipeptides. The dipeptides are ordered with the value

of A(p63/p73-p53). (B). p53 dipeptide gain/loss ratios increase with the decreasing
dipeptide propensities in evolution. The green lines represent the differences between

dipeptide propensities in human p63/p73 and p53, and the red lines are gain/loss ratios for
the corresponding dipeptides. The blue lines are the changing of dipeptide propensities in
evolution. The dipeptides are ordered with the decreasing value of dipeptide propensities in

evolution.
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Fig. 4.
(A) Comparison between amino acid gained/lost in p53 mutations with those gained/lost in

human protein evolution, which are taken from reference [36]. (B) The trend of amino acid
gain/loss in p53 mutations differs from that of p53 evolution.
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Fig. 5.

The simulated p53 mutation spectrum and the actual mutation frequencies counted from the
IARC p53 mutation database Release R13. The number of hot spot positions was truncated
from 750 for easy comparison with prediction (the actual counts are: 1152 for R175, 745 for
G245, 1621 for R248, 573 for R249, 1551 for R273, 642 for R282). Several evolutionary
factors may lower the mutation rate in the N- and C-termini (NC regions). In our simulation,
on average the propensities of dipeptides gained from mutations are higher in the NC
regions as compared to the core domain, indicating lower likelihood for mutations in the NC
regions. The right Y-axis is the actual frequencies from IARC p53 mutation database
Release R13.
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Top ranked amino acid pair propensitiesa for p53 and the corresponding p63/p73 values.

Table 1

Dipeptide pair? Propensity p53 Propensity p63/p73
DS 11.425 4.648
AP 10.716 6.603
VIR 10.482 7.759
KR 8.905 6.42
KIK 8.482 5.009
P/P 8.355 7.264
LIE 8.248 8.065
ST 8.232 10.443
RIG 7.962 8.472
sQ 7.95 9.898
LN 7.925 6.667
PIS 7.783 11.639
SIG 7.685 5.71
mic 7.662 3292
V/E 7.594 7.518
L/P 7.567 5.882
vIP 7.548 6.712
L/S 7.541 7.481
Sis 7525 721
AL 7513 4.885

Statistical differences

Wilcoxon test: P = 0.0116
T-test: P = 0.0095

a .
Based on the non-redundant dataset in Sup-Table 2.

bThe bold and italic X/Y pairs are top 20 ranked for both p53 and p63/p73 subfamilies.
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Table 2

Top 20 dipeptide pairs lost by p53 mutations.
Top 20 Number ~ Number ~ Number lost  propensity®
lost pairs  |og? gained  (ng hotspot)b p53 p63/p73
VIR 4502 188 1400 10.482 7.759
RIR 4110 176 122 5.866 4.955
RIN 1763 267 142 5.622 5.057
RIC 1581 121 429 5.585 4,915
D/R 1222 89 580 6.28 7.235
M/G 1126 31 381 5.914 3.765
GIG 958 59 213 3.567 4.457
PIC 929 412 929 7.29 6.391
PIR 680 248 107 3.338 2.897
P/P 662 36 662 8.355 7.264
M/C 639 222 639 7.662 3.292
EIY 553 186 553 6.558 4.884
RIG 548 356 548 7.962 8.472
PIG 492 162 492 7.477 7.197
H/H 461 59 461 4.082 0.616
E/E 455 50 455 5.017 3.101
VIE 441 99 441 7.594 7.518
EM 423 69 423 4.336 7.358
VIV 404 15 404 5.849 3.015
sic 401 278 401 4.396 2.182
Average 11175  156.15  489.1 6.1616 5.1165

Statistical dif‘ferencesdbetween p53 and p63/p73 P = 0.0066

a . )
All missense mutations counted.

b . .
Gain/loss due to hot spot mutations are excluded.

cPropensity for wild type p53 and p63/p73.

dStudent test of the significance between the dipeptide propensities for p53 and p63/p73.
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Table 3

The top 20 most gained dipeptides from p53 mutations.

Page 23

Dipeptide pairs Number lost Number gained Dipeptide propensity

pS3 p63/p73
VIH 0 16222 2.469 3.843
R/H 170 1424 3.984 3.451
VIC 231 1321 3.788 3.255
R/IW 0 1308 0.098 1.302
H/IC 0 1262 1.491 2.367
R/Q 0 966 2.649 7.407
N/Q 0 834 3.231 5.94
N/W 0 714 2.043 1.314
P/IS 99 674 7.783 11.639
VIL 2 654 4.767 7.052
SIG 119 652 7.685 571
F/R 195 638 511 3.835
R/S 3 635 4.71 3.226
M/S 0 626 1.417 5.092
L/R 184 584 4.198 3.102
D/IW 0 552 1.147 1.029
E/C 0 497 1.225 1.415
E/R 149 429 5.706 2.61
L/P 54 415 7.567 5.882
P/C 929 412 7.29 6.391
Average 106.75 810.95 3.9179 4.2931

Statistical differences of dipeptide propensity between the lost and gain groups P = 0.04

Statistical differences? between p53 and p63/p73 P

=0.2225

aStudent test of the significance of the difference.
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